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Abstract
The mixing-induced CP -violating phase φs in B
0
s and B
0
s decays is measured using
the J/ψpi+pi− final state in data, taken from 3 fb−1 of integrated luminosity, collected
with the LHCb detector in 7 and 8 TeV centre-of-mass pp collisions at the LHC. A
time-dependent flavour-tagged amplitude analysis, allowing for direct CP violation,
yields a value for the phase φs = 70 ± 68 ± 8 mrad. This result is consistent with
the Standard Model expectation and previous measurements.
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1 Introduction
One of the most sensitive ways of detecting the presence of heretofore unseen particles or
forces is through the observation of effects they may have on CP -violating decays of neutral
B mesons [1]. Measurements of CP violation through the interference of B0s mixing and
decay amplitudes are particularly sensitive because the Standard Model (SM) prediction of
the CP -violating phase is very small and accurate in quark level b→ ccs transitions, with
φSMs ≡ −2arg
(
− VtsV ∗tb
VcsV ∗cb
)
=−36.3+1.6−1.5 mrad, ignoring subleading corrections from Penguin
amplitudes [2]. Initial measurements of φs at the Tevatron indicated possible large values
inconsistent with the SM expectation [3], while LHCb measurements using both
( )
B 0s →
J/ψφ and
( )
B 0s → J/ψpi+pi− decays from 1 fb−1 of integrated luminosity were consistent
with the SM value [4, 5], as were more recent results from CDF [6], and ATLAS [7].
In this Letter, we present a new measurement of φs in
( )
B 0s → J/ψpi+pi− decays
using data taken from an integrated luminosity of 3 fb−1, obtained from pp collisions
at the LHC. One-third of the data was collected at a centre-of-mass energy of 7 TeV,
and the remainder at 8 TeV. In the previous study we used the result of our amplitude
analysis [8], which showed that the CP -odd component of the decay was larger than 97.7%
at 95% confidence level (CL). Here we perform a more sophisticated amplitude analysis [9],
which uses an additional angular variable, and thereby directly determines the CP -odd
and CP -even components. Previously it was found that five interfering pi+pi− states
are required to describe the decay: f0(980), f0(1500), f0(1790), f2(1270), and f
′
2(1525)
[10]. An alternative model including these states and a nonresonant J/ψpi+pi− component
also provides a good description of the data; the limit on the CP -even component is
unchanged. The J/ψf0(980) final state was suggested as being a useful final state for
measuring φs as it is a CP -eigenstate [11] and inspired these studies. Subsequently,
it was suggested that the f0(980) resonance might be formed of tetraquarks [12], and
could then provide an additional SM contribution to φs beyond that originally expected.
Studies of B0 → J/ψpi+pi− decays [13], indicate that the light scalar mesons are familiar
qq states [14], so this concern has been ameliorated.
The method used here allows the measurement of the CP -violating phase φs, without
any assumption on the CP content, by measuring simultaneously the CP -even and CP -odd
decay amplitudes and φs.
2 Decay rates for B0s → J/ψh+h−
The differential decay rates for
( )
B 0s → J/ψh+h−, allowing for possible direct CP violation,
can be written in terms of the decay time t, and the decay amplitudes A and A as [15]
Γ(t) = N e−Γst
{ |A|2 + |A|2
2
cosh
∆Γst
2
+
|A|2 − |A|2
2
cos(∆mst)
− Re(A∗A) sinh ∆Γst
2
− Im(A∗A) sin(∆mst)
}
, (1)
1
Γ(t) =
∣∣∣∣pq
∣∣∣∣2N e−Γst{ |A|2 + |A|22 cosh ∆Γst2 − |A|2 − |A|22 cos(∆mst)
− Re(A∗A) sinh ∆Γst
2
+ Im(A∗A) sin(∆mst)
}
, (2)
where ∆Γs ≡ ΓL−ΓH is the decay width difference between the light and the heavy mass
eigenstates, ∆ms ≡ mH − mL is the mass difference, Γs ≡ (ΓL + ΓH)/2 is the average
width, and N is a constant. The complex parameters q and p are used to relate the
mixing between the mass and flavour eigenstates. The decay amplitudes are defined as
A ≡ Af and A ≡ qpAf , where Af (Af ) is the total amplitude of B0s (B0s) → J/ψh+h−
decays at time t = 0.
The total amplitude Af (Af ) is taken to be the sum over individual pi
+pi− resonant
transversity amplitudes [16], and possibly one nonresonant amplitude, labelled as Ai (Ai).
By introducing the parameter λi ≡ qp AiAi , relating CP violation in the interference between
mixing and decay associated with the state i, the amplitudes A and A can be further
expressed as A = ∑Ai and A = ∑λiAi, the sums of the individual ( )B 0s amplitudes.
For J/ψ decays to µ+µ− final states, these amplitudes are themselves functions of four
variables: the pi+pi− invariant mass mhh = m(pi+pi−), and the three angles Ω, defined in
the helicity basis. These consist of the angle between the µ+ direction in the J/ψ rest
frame with respect to the J/ψ direction in the
( )
B 0s rest frame θJ/ψ , the angle between the
h+ direction in the h+h− rest frame with respect to the h+h− direction in the B0s rest
frame θhh, and the angle between the J/ψ and h
+h− decay planes in the B0s rest frame
χ [4, 9].
Assuming that any possible CP violation in the decay is the same for all amplitudes,
λ ≡ ηiλi is common for all amplitudes, where ηi is the CP eigenvalue of the transversity
state i. The CP -violating phase φs is defined by φs ≡ − arg(λ) [4], and appears in the
term containing A∗A. The explicit forms of |
(–)A(mhh,Ω)|2 and A∗(mhh,Ω)A(mhh,Ω) in
Eqs. (1) and (2) as functions of mhh and Ω are given in Ref. [9].
The factor |p/q|2 is related to the flavour-specific CP -violating asymmetry assl as
assl ≡
|p/q|2 − |q/p|2
|p/q|2 + |q/p|2 ≈ |p/q|
2 − 1. (3)
LHCb measured assl = (−0.06 ± 0.50 ± 0.36)% [17], corresponding to |p/q|2 = 0.9994 ±
0.0062. Thus, we take |p/q|2 = 1 for what follows.
3 The LHCb detector and event selection
The LHCb detector [18] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex de-
tector surrounding the pp interaction region, a large-area silicon-strip detector located
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upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed downstream. The combined tracking
system provides a momentum measurement1 with relative uncertainty that varies from
0.4% at 5 GeV to 0.6% at 100 GeV, and impact parameter resolution of 20µm for tracks
with large transverse momentum (pT). Different types of charged hadrons are distin-
guished by information from two ring-imaging Cherenkov detectors. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. The
trigger consists of a hardware stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full event reconstruction. Events
selected for this analysis are triggered by a J/ψ → µ+µ− decay, where the J/ψ is required
at the software level to be consistent with coming from the decay of a b hadron by use of
either impact parameter requirements on the muons or detachment of the reconstructed
J/ψ decay position from the associated primary vertex.
A
( )
B 0s → J/ψpi+pi− candidate is reconstructed by combining a J/ψ → µ+µ− candi-
date with two pions of opposite charge. The like-sign combinations J/ψpi±pi± are also
reconstructed for background studies. Events are selected using a multivariate method
that optimizes the ratio of signal squared to background events. The event selection is
described in detail in the time-integrated amplitude analysis [10]. The invariant mass dis-
tribution of J/ψpi+pi− combinations satisfying the event selection is shown in Fig. 1. Only
the candidates within ±20 MeV of the B0s mass peak are retained for the φs measurement;
there are 27 100± 200 signal events with a purity of 79.6%. The integrated distributions
of the four variables discussed above are shown in Fig. 2.
Samples of simulated events are used to characterize signal and backgrounds. In the
simulation, pp collisions are generated using Pythia [19] with a specific LHCb configura-
tion [20]. Decays of hadronic particles are described by EvtGen [21], in which final state
radiation is generated using Photos [22]. The interaction of the generated particles with
the detector and its response are implemented using the Geant4 toolkit [23] as described
in Ref. [24].
4 Likelihood construction
We perform an unbinned maximum likelihood fit to the J/ψpi+pi− invariant mass m,
the decay time t, mhh, and the three helicity angles Ω, along with information on the
initial flavour of the decaying hadron, i.e. whether it was produced as a B0s or a B
0
s
meson. The probability density function (PDF) used in the fit consists of signal and
background components that include detector resolution and acceptance effects. The
PDFs are factorized into separate components for the B0s mass and for the remaining
observables.
The signal
( )
B 0s mass distribution is described by a double Crystal Ball function [25].
The background consists of a combinatorial component whose mass distribution is mod-
1We use units where c=1.
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Figure 1: Invariant mass of J/ψpi+pi− combinations. The data are fitted with double Crystal
Ball signal functions and several background functions. The (red) solid line shows the
( )
B 0s
signal, the (brown) dotted line shows the exponential combinatorial background, the (green)
short-dashed line shows the B∓ background, the (magenta) dot-dashed line shows the
( )
B 0
signal, the (light blue) dashed line is the sum of
( )
B 0s → J/ψη′,
( )
B 0s → J/ψφ, φ → pi+pi−pi0
backgrounds, and the Λ0b → J/ψK−p plus Λ0b → J/ψK+p reflections, the (black) dot-dashed
line is the
( )
B 0 → J/ψK∓pi± reflection and the (blue) solid line is the total.
elled by an exponential function, a 2.3% contribution from the sum of
( )
B 0s → J/ψη′ and
( )
B 0s → J/ψφ, with φ → pi+pi−pi0, and 2.0% from B∓ → J/ψK∓ + J/ψpi∓ decays, both
of which produce tails in the
( )
B 0s signal region. The latter two background mass shapes
are obtained from simulation. The parameters of the signal and the combinatorial back-
ground are obtained from a fit to the
( )
B 0s mass distribution in an extended region (see
Fig. 1) and are subsequently fixed for use in the φs fit.
As can be seen from Eqs. (1) and (2), knowledge of the
( )
B 0s flavour at production
greatly enhances the sensitivity. The process of determining the initial flavour is called
“tagging”. We use both opposite-side [26] and same-side tagging information [4]. The
opposite-side (OS) tag identifies the flavour of another b hadron in the event using infor-
mation from the charges of leptons and kaons from its decay, or the charge of another
detached vertex. The same-side kaon (SSK) tagger utilizes the hadronization process,
where the fragmentation of a b(b¯) quark into B0s(B
0
s ) meson can lead to an extra s(s¯)
quark being available to form a hadron, often leading to a K−(K+) meson. This kaon is
correlated to the signal
( )
B 0s in phase space, and the sign of its charge identifies the initial
flavour. A wrong-tag probability η is estimated event-by-event, based on the output of
a neural network trained on simulations. It is calibrated with data using flavour-specific
decay modes in order to predict the true wrong-tag probability of the event
(–)
ω(η) for an ini-
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Figure 2: Projections of (a) m(pi+pi−), (b) cos θpipi, (c) cos θJ/ψ and (d) χ [10]. The points with
error bars are data, the signal fits are shown with (red) dashed lines, the background with a
(black) dotted lines, and the (blue) solid lines represent the total fits. The difference between
the data and the fits divided by the uncertainty on the data is shown below.
tial flavour
( )
B 0s meson, which has a linear dependence on η. The calibration is performed
separately for the OS and the SSK taggers. When events are tagged by both the OS and
the SSK algorithms, a combined tag decision and wrong-tag probability are given by the
algorithm defined in Ref. [26]. This combined algorithm is implemented in the overall fit.
The overall effective tagging power obtained is characterized by εtagD
2 = (3.89± 0.25)%,
where D ≡ (1 − 2ωavg) is the dilution, ωavg is the average wrong-tag probability, and
εtag = (68.68 ± 0.33)% is the signal tagging efficiency. The overall tagging power is im-
proved by about 60% with respect to the previous analysis mainly due to the inclusion
of the SSK tagger, which has an tagging power about 40% better than that described in
Ref. [4], due to the use of a neural-network based selection. In addition, the OS algorithms
discussed in Ref. [26] have been re-optimised using the full available dataset.
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The theoretical signal function including flavour tagging is
R(tˆ, mhh,Ω, q|η) = 1
1 + |q|
[
[1 + q (1− 2ω(η))] Γ(tˆ, mhh,Ω)
+ [1− q (1− 2ω¯(η))] Γ¯(tˆ, mhh,Ω)
]
, (4)
where tˆ is the true decay time, and
(–)
Γ is defined in Eqs. (1) and (2). The flavour tag q
takes values of −1, 1, 0, if the signal meson is tagged as B0s, B0s , or untagged, respectively.
The signal function is further modified to take into account the decay time resolution
and the acceptance effects on all the fit variables
F sig(t,mhh,Ω, q|η, δt) = R(tˆ, mhh,Ω, q|η)⊗ T (t− tˆ|δt) · Et(t) · ε(mhh,Ω), (5)
where ε(mhh,Ω) is the efficiency as a function of pi
+pi− mass and angles, obtained from
the simulation as described in Ref. [10], T (t − tˆ|δt) is the decay time resolution function
which depends upon the estimated decay time error for each event δt, and Et(t) is the
decay time acceptance function. The latter two are discussed in Sec. 5.
The distribution of the background decay time, pi+pi− mass and angles can be factor-
ized into components for the decay time and the remaining variables. The background
decay time distribution, F bkgt (t|δt) is a double exponential function convolved with the
decay time resolution function, taken to be the same as that of the signal, and multiplied
by the background decay time acceptance function. The parameters of the double ex-
ponential function and the acceptance function are obtained from the sum of J/ψpi+pi+
and J/ψpi−pi− combinations in the same mass signal window as the J/ψpi+pi−. The dis-
tribution of the background for the pi+pi− mass and angles is described by the function
Bbkg(mhh,Ω), discussed in Ref. [10], by summing all the backgrounds components.
The events are divided into four tagging categories: tagged by both OS and SSK, by
OS only, by SSK only, and untagged. Each category i is described by the PDF
P i(m, t,mhh,Ω, η, q, δt)
=
(1− f ibkg)
N isig
P sigm (m)F
sig(t,mhh,Ω, q|η, δt)P sigδt (δt)P sigη,i (η)
+
f ibkg
N ibkg
P bkgm (m)B
bkg(mhh,Ω)F
bkg
t (t|δt)P bkgδt (δt)P bkgη,i (η), (6)
where f ibkg is the background fraction, which is fixed to the value obtained from the
( )
B 0s
mass fit for each category. The normalization factors N i are calculated for each tag
category by integrating over the decay time t, the dihadron invariant mass mhh, and the
angles Ω.
We include the PDFs for the estimated per-candidate decay time error δt and the
wrong-tag probability η. The P sigδt (δt) and P
bkg
δt
(δt) functions are signal and background
PDFs of δt. The background PDF is obtained from the distribution of the like-sign
events and the signal PDF is obtained from the distribution of the
( )
B 0s candidates after
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Figure 3: Estimated fractions of mistag probabilities from (a) the SSK tagger, ηSSK, and (b)
the OS tagger, ηOS.
background subtraction. The signal peaks at about 26 fs and the background at 29 fs.
The mistagging PDF is different in each of the tagging categories: it is a product of two
one-dimensional PDFs of ηSSK and ηOS if both are tagged, a one-dimensional PDF of the
corresponding tagger if only single tagged, and a uniform PDF if untagged. The two
one-dimensional distributions of ηSSK and ηOS are shown in Fig. 3 for both signal and
background.
5 Decay time resolution and acceptance
The decay time resolution function T (t − tˆ; δt) is described by a sum of three Gaussian
functions with a common mean, and widths given by three scale factors, each being mul-
tiplied by σt ≡ δt + σ0t , where δt is the estimated per-event decay time error and σ0t is a
constant parameter. Studies on simulated data show that prompt J/ψpi+pi− combinations
have nearly identical resolution to signal events. Consequently, we determine the param-
eters of the resolution model from a fit to the decay time distribution of such prompt
combinations in the data, where the contribution of candidates unlikely to originate from
J/ψ events are subtracted. Taking into account the δt distribution of the
( )
B 0s signal, the
effective resolution is found to be 40.3 fs.
The decay time distribution is influenced by acceptance effects that are introduced by
track reconstruction, trigger and event selection. The decay time acceptance is obtained
using control samples of B0 → J/ψK∗0(→ K−pi+) and B0 → J/ψK∗0(→ K+pi−) decays,
and then corrected by the acceptance ratio between B0s and B
0 decays derived from the
simulation.
The same selection as for signal events is implemented for the
( )
B 0 candidates ex-
cept for the kaon identification requirement. The K∓pi± pair mass is restricted within
±100 MeV of the nominal K∗0 mass [27]. The candidates within ±25 MeV of the B0 mass
peak are used to measure the decay time acceptance. There are 399 200 ± 800 signal
events with a purity of 98.5%. The decay time distribution is shown in Fig. 4(a). These
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Table 1: Acceptance function parameter values and their correlations.
Parameter correlations Values
n a β β2 t0 p1 p2
n 1.00 0.44 0.57 −0.54 −0.86 0.00 0.00 2.082± 0.036
a 0.44 1.00 0.74 −0.74 −0.05 0.00 0.00 1.981± 0.024 ps−1
β 0.57 0.74 1.00 −0.90 −0.37 0.00 0.00 0.077± 0.009 ps−1
β2 −0.54 −0.74 −0.90 1.00 0.34 0.00 0.00 −0.008± 0.001 ps−2
t0 −0.86 −0.05 −0.37 0.34 1.00 0.00 0.00 0.104± 0.003 ps
p1 0.00 0.00 0.00 0.00 0.00 1.00 −0.89 2.290± 1.761 ps−1
p2 0.00 0.00 0.00 0.00 0.00 −0.89 1.00 −0.124± 0.110
data are fitted with an exponential function convolved with the time resolution function,
and then multiplied by the acceptance function, [a(t−t0)]
n
1+[a(t−t0)]n × (1 + βt + β2t2), where a,
n, t0, β, and β2 are parameters determined by the fit. The B
0 lifetime is constrained
to τB0 = 1.519 ± 0.007 ps [27]. The signal acceptance parameters and their correlations
are given in Table 1. There is a large efficiency drop below 1 ps due to detachment
requirements on the
( )
B 0 and its decay products in the selection.
Figure 4(b) shows the acceptance ratio between B0s → J/ψpi+pi− and B0 → J/ψK∗0
decays from the simulation. The distribution is almost flat. The ratio is well described by
the function R(1−p2e−p1t) with parameters R, p1 and p2 determined by the fit. Parameter
R is a normalization constant.
We use the product of the acceptance determined from
( )
B 0 → J/ψ ( )K ∗0 decays and
the correction ratio found from simulation as the decay time acceptance function for B0s,
denoted as Et(t; a, n, t0, β, β2, p1, p2), where the parameter values and correlations are given
in Table 1.
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B 0 → J/ψpi+pi− candidates. The signal PDF is shown
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represents the total.
6 Results
The CP phase φs is determined from the fit that uses the amplitude model with five
final state pi+pi− resonances. Several of the model parameters have Gaussian constraints
applied in the fit. They are the measured values of ∆ms = 17.768 ± 0.024 ps−1 [28],
Γs = 0.663 ± 0.005 ± 0.006 ps−1 and ∆Γs = 0.100 ± 0.016 ± 0.003 ps−1 [4], the tagging
parameters, the mass and width of the f0(1790) [29], the f
′
2(1525) fit fractions, and the
scale factors in the decay time resolution function, multiplied by (1.00±0.05) to take into
account the systematic uncertainty on the decay time resolution estimate [5]. Apart from
φs and |λ|, the other free parameters are the amplitudes and phases of the pi+pi− states.
The fit procedure is checked using pseudoexperiments with the same size as data. The fit
reproduces the input φs values with negligible bias.
For our first fit we do not allow direct CP violation and therefore fix |λ| to 1. The fit
determines φs = 75±67±8 mrad. When two uncertainties are quoted, the first is statistical
and the second the systematic. The systematic uncertainty is discussed in Sec. 7. Figure 5
shows the decay time distribution superimposed with the fit projection. Projections for
mhh and Ω are shown in Fig. 2. Fit fractions of the contributing resonances are consistent
with the results from the amplitude analysis [10]. We also perform the fit with |λ| treated
as a free parameter. The fit determines φs = 70±68±8 mrad and |λ| = 0.89±0.05±0.01,
consistent with no direct CP violation (|λ| = 1), under the assumption that direct CP
violation is equal for all of the intermediate pi+pi− states. (The correlation between φs
and |λ| is about 1%.)
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Since the J/ψpi+pi− final state is known to be >97.7% CP-odd at 95% CL [10], we
check our result by implementing a simplified fit without using the information of mhh
and Ω. Here the CP -odd fraction is assumed to be 100%, thus angular information is
not needed to separate CP -odd and possible CP -even components. This fit was used in
the previous φs measurement using J/ψpi
+pi− decays [5]. Compared to the fit discussed
above, the simplified fit gives a φs value differing by 20 mrad and a statistical uncertainty
of ±69 mrad. The small difference between the two fits is consistent with a study using
pseudoexperiments, where the distribution of the difference between the two fits is a
Gaussian with a mean of zero and a width of 20 mrad.
7 Systematic uncertainties
The systematic uncertainties on φs and |λ|, evaluated using the fit allowing direct CP -
violation, are summarized in Table 2. They are small compared to the statistical un-
certainty. Since Gaussian constraints are applied in the fit, no additional uncertainty
is introduced by the input parameters ∆ms, Γs, ∆Γs, or those associated with flavour
tagging and time resolution.
To evaluate the uncertainties due to the fixed parameters in the decay time acceptance,
background decay time PDF, m(pi+pi−) and m(J/ψpi±) (mass) acceptance and background
mass PDF, the data fit is repeated by varying the fixed parameters from their nominal
values according to the error matrix 200 times for each source. The matrix elements are
determined using simulation, J/ψK
∗
data, and like-sign dipion data. The r.m.s. of the
fitted φs value is taken as the uncertainty for each source.
Including different resonances could change the CP -even fraction in the decay, and
thus the φs result. In Ref. [10] two acceptable solutions were found for the contributing
components. For our main result we use the one with five resonant components. The other
solution adds a 5.9% nonresonant component. Evaluating φs for the second solution gives
a small difference of 3 mrad. Adding a ρ(770) component causes the largest change for
φs and λ and is taken as the systematic uncertainty, even though vector particles must
conserve the zero isospin of the dipion system, which forbids the decay into ρ(770). The
resonance masses and widths of f2(1270) and f
′
2(1525) are fixed in the fit.
To evaluate the uncertainty due to the fixed masses and widths, the fit is repeated by
changing each parameter within one standard deviation of its error, and the larger shift in
the fitted values is taken as the systematic uncertainty. Similarly, the uncertainties due to
other fixed parameters, such as background fractions and those used in
( )
B mass PDFs,
are also determined. We take the background decay time distribution to be independent
of mhh. This assumption is tested by repeating the fit with different background decay
time PDFs for the low mhh and high mhh regions, found from the like-sign dipion events
in the same mass regions. The effects on φs and |λ| are found to be negligible.
The production ratio of B0s to B
0
s is estimated to be RP = (1.00±0.05) [30]. To include
this effect, the B0s decay rate, Γ¯, used in Eq. (4) is multiplied by RP. The uncertainty due
to this source is estimated by varying RP within its error. The uncertainties are added in
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Table 2: Systematic uncertainties. The total is the sum in quadrature of each entry.
Sources φs(mrad) λ
Decay time acceptance ±0.6 ±0.0008
Mass acceptance ±0.3 ±0.0003
Background time PDF ±0.2 ±0.0011
Background mass distribution PDF ±0.6 ±0.0016
Resonance model ±6.0 ±0.0100
Resonance parameters ±0.7 ±0.0007
Other fixed parameters ±0.4 ±0.0009
Production asymmetry ±5.8 ±0.0017
Total ±8.4 ±0.010
quadrature to give the total.
8 Conclusions
We have presented a time-dependent flavour-tagged analysis of the
( )
B 0s → J/ψpi+pi−
decay using angular distributions and the pi+pi− mass dependence to determine the CP
content of the final state components. We measure the mixing induced CP -violating phase
φs. Assuming the absence of direct CP violation, we find
φs = 75± 67± 8 mrad.
For the case where direct CP is allowed, we find
φs = 70± 68± 8 mrad, |λ| = 0.89± 0.05± 0.01.
This result supersedes and is more precise than our previous measurement in this decay
mode of φs = −19+173+4−174−3 mrad based on a 1 fb−1 data sample [5]. Physics beyond the
Standard Model is not established by our measurements.
Acknowledgements
We express our gratitude to our colleagues in the CERN accelerator departments for
the excellent performance of the LHC. We thank the technical and administrative staff
at the LHCb institutes. We acknowledge support from CERN and from the national
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
and Region Auvergne (France); BMBF, DFG, HGF and MPG (Germany); SFI (Ireland);
INFN (Italy); FOM and NWO (The Netherlands); SCSR (Poland); MEN/IFA (Romania);
MinES, Rosatom, RFBR and NRC “Kurchatov Institute” (Russia); MinECo, XuntaGal
and GENCAT (Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC and the
11
Royal Society (United Kingdom); NSF (USA). We also acknowledge the support received
from EPLANET, Marie Curie Actions and the ERC under FP7. The Tier1 computing
centres are supported by IN2P3 (France), KIT and BMBF (Germany), INFN (Italy),
NWO and SURF (The Netherlands), PIC (Spain), GridPP (United Kingdom). We are
indebted to the communities behind the multiple open source software packages on which
we depend. We are also thankful for the computing resources and the access to software
R&D tools provided by Yandex LLC (Russia).
References
[1] I. Dunietz, R. Fleischer, and U. Nierste, In pursuit of new physics with Bs decays,
Phys. Rev. D63 (2001) 114015, arXiv:hep-ph/0012219.
[2] J. Charles et al., Predictions of selected flavour observables within the Standard Model,
Phys. Rev. D84 (2011) 033005, arXiv:1106.4041.
[3] CDF collaboration, T. Aaltonen et al., First flavor-tagged determination of bounds
on mixing-induced CP violation in B0s → J/ψφ Decays, Phys. Rev. Lett. 100 (2008)
161802, arXiv:0712.2397; D0 collaboration, V. Abazov et al., Measurement of B0s
mixing parameters from the flavor-tagged decay B0s → J/ψφ, Phys. Rev. Lett. 101
(2008) 241801, arXiv:0802.2255; CDF collaboration, T. Aaltonen et al., Measure-
ment of the CP -violating phase βs in B
0
s → J/ψφ decays with the CDF II detec-
tor, Phys. Rev. D85 (2012) 072002, arXiv:1112.1726; D0 collaboration, V. M.
Abazov et al., Measurement of the CP -violating phase φ
J/ψφ
s using the flavor-tagged
decay B0s → J/ψφ in 8 fb−1 of pp collisions, Phys. Rev. D85 (2012) 032006,
arXiv:1109.3166.
[4] LHCb collaboration, R. Aaij et al., Measurement of CP violation and the B0s meson
decay width difference with B0s → J/ψK+K− and B0s → J/ψpi+pi− decays, Phys.
Rev. D87 (2013) 112010, arXiv:1304.2600.
[5] LHCb collaboration, R. Aaij et al., Measurement of the CP-violating phase φs in
B0s → J/ψpi+pi− decays, Phys. Lett. B713 (2012) 378, arXiv:1204.5675.
[6] CDF collaboration, T. Aaltonen et al., Measurement of the bottom-strange me-
son mixing phase in the full CDF data set, Phys. Rev. Lett. 109 (2012) 171802,
arXiv:1208.2967.
[7] ATLAS collaboration, G. Aad et al., Time-dependent angular analysis of the decay
B0s → J/ψφ and extraction of ∆Γs and the CP-violating weak phase φs by ATLAS,
JHEP 12 (2012) 072, arXiv:1208.0572.
[8] LHCb collaboration, R. Aaij et al., Analysis of the resonant components in B0s →
J/ψpi+pi−, Phys. Rev. D86 (2012) 052006, arXiv:1204.5643.
12
[9] L. Zhang and S. Stone, Time-dependent Dalitz-plot formalism for B0q → J/ψh+h−,
Phys. Lett. B719 (2013) 383, arXiv:1212.6434.
[10] LHCb collaboration, R. Aaij et al., Measurement of resonant and CP components in
B
0
s → J/ψpi+pi− decays, arXiv:1402.6248.
[11] S. Stone and L. Zhang, S-waves and the measurement of CP violating phases in Bs
decays, Phys. Rev. D79 (2009) 074024, arXiv:0812.2832.
[12] R. Fleischer, R. Knegjens, and G. Ricciardi, Anatomy of B0s,d → J/ψf0(980), Eur.
Phys. J. C71 (2011) 1832, arXiv:1109.1112.
[13] LHCb collaboration, R. Aaij et al., Measurement of the resonant and CP components
in B
0 → J/ψpi+pi− decays, arXiv:1404.5673.
[14] S. Stone and L. Zhang, Use of B → J/ψf0 decays to discern the qq¯ or tetraquark na-
ture of scalar mesons, Phys. Rev. Lett. 111 (2013), no. 6 062001, arXiv:1305.6554.
[15] U. Nierste, Three lectures on meson mixing and CKM phenomenology,
arXiv:0904.1869; I. I. Bigi and A. Sanda, CP violation, Camb. Monogr. Part. Phys.
Nucl. Phys. Cosmol. 9 (2000) 1.
[16] A. S. Dighe, I. Dunietz, H. J. Lipkin, and J. L. Rosner, Angular distributions
and lifetime differences in B0s → J/ψφ decays, Phys. Lett. B369 (1996) 144,
arXiv:hep-ph/9511363.
[17] LHCb collaboration, R. Aaij et al., Measurement of the flavour-specific CP-violating
asymmetry assl in B
0
s decays, Phys. Lett. B728 (2014) 607, arXiv:1308.1048.
[18] LHCb collaboration, A. Alves Jr. et al., The LHCb detector at the LHC, JINST 3
(2008) S08005.
[19] T. Sjo¨strand, S. Mrenna, and P. Skands, PYTHIA 6.4 physics and manual, JHEP
605 (2006) 026, arXiv:hep-ph/0603175; T. Sjo¨strand, S. Mrenna, and P. Skands,
A brief introduction to PYTHIA 8.1, Comput. Phys. Commun. 178 (2008) 852,
arXiv:0710.3820.
[20] I. Belyaev et al., Handling of the generation of primary events in Gauss, the LHCb
simulation framework, Nuclear Science Symposium Conference Record (NSS/MIC)
IEEE (2010) 1155.
[21] D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152.
[22] P. Golonka and Z. Was, PHOTOS Monte Carlo: a precision tool for QED corrections
in Z and W decays, Eur. Phys. J. C45 (2006) 97, arXiv:hep-ph/0506026.
13
[23] Geant4 collaboration, J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53 (2006) 270; GEANT4 collaboration, S. Agostinelli et al.,
GEANT4: A Simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.
[24] M. Clemencic et al., The LHCb simulation application, Gauss: design, evolution
and experience, J. Phys. Conf. Ser. 331 (2011) 032023.
[25] T. Skwarnicki, A study of the radiative cascade transitions between the Upsilon-prime
and Upsilon resonances, PhD thesis, Institute of Nuclear Physics, Krakow, 1986,
DESY-F31-86-02.
[26] LHCb collaboration, R. Aaij et al., Opposite-side flavour tagging of B mesons at the
LHCb experiment, Eur. Phys. J. C72 (2012) 2022, arXiv:1202.4979.
[27] Particle Data Group, J. Beringer et al., Review of particle physics, Phys. Rev. D86
(2012) 010001, and 2013 update for 2014 edition.
[28] LHCb collaboration, R. Aaij et al., Precision measurement of the B0s -B¯
0
s oscil-
lation frequency with the decay B0s → D−s pi+, New J. Phys. 15 (2013) 053021,
arXiv:1304.4741.
[29] BES collaboration, M. Ablikim et al., Resonances in J/ψ → φpi+pi− and φK+K−,
Phys. Lett. B607 (2005) 243, arXiv:hep-ex/0411001.
[30] E. Norrbin and R. Vogt, Bottom production asymmetries at the LHC,
arXiv:hep-ph/0003056.
14
